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Abstract 

We investigated electronic structure of 5d transition-metal oxide Sr2ir04 using angle-resolved 
photoemission, optical conductivity, and x-ray absorption measurements and first-principles band 
calculations. The system was found to be well described by novel effective total angular momentum 
J e ff states, in which relativistic spin-orbit (SO) coupling is fully taken into account under a large 
crystal field. Despite of delocalized Ir 5d states, the J ej (f-states form so narrow bands that even 
a small correlation energy leads to the J e jj = 1/2 Mott ground state with unique electronic and 
magnetic behaviors, suggesting a new class of the J e jy quantum spin driven correlated-electron 
phenomena. 



PACS numbers: 71.30.+h, 79.60.-i, 71.20.-b, 71.70.Ej., 78.70.Dm 



Mott physics based on the Hubbard Hamiltonian, which is at the root of various noble 
physical phenomena such as metal-insulator transitions, magnetic spin orders, high Tq su- 
perconductivity, colossal magneto-resistance, and quantum criticality, has been adopted to 
explain electrical and magnetic properties of various materials in the last several decades 
. Great success has been achieved especially in 3c! transition-metal oxides 
(TMOs), in which the 3c! states are well localized to yield strongly correlated narrow bands 
with a large on-site Coulomb repulsion U and a small band width W. As predicted, most 
stoichiometric 3d TMOs are antiferromagnetic Mott insulators 5|. On the other hand, 4c? 
and 5c! TMOs were considered as weakly-correlated wide band systems since U is largely 
reduced due to delocalized 4c? and 5c? states M] . Anomalous insulating behaviors were re- 
cently reported in some 4c? and 5c? TMOs 
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121 ]. and the importance of correlation 



effects was recognized in 4c? TMOs such as Ca2Ru04 and Y2RU2O7, which were interpreted 
as Mott insulators near the border line of the Mott criteria, i.e. U ~ W O] . However, as 
5c? states are spatially more extended and U is expected to be further reduced, insulating 
behaviors in 5c? TMOs such as Sr2ir04 and Cd20s207 have been puzzling fiol. 

Sr 2 IrQ4 crystallizes in the K2MF4 layered structure as La2Cu04 and its 4c? counterpart 



Sr 2 Rh0 4 
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15] . Considering its odd number of electrons per unit formula (5c? 5 ), one 



expects a metallic state in a naive band picture. Indeed Sr2Rh04 (4c? 5 ) is a normal metal. 
Its Fermi surface (FS) measured by the angle resolved photoemission spectroscopy (ARPES) 
agrees well with the first-principles band calculation results la, [17| . Since both c? 5 systems 
lave identical atomic arrangements with nearly the same lattice constants and bond angles 
lol [l5 |. one expects almost the same FS topology. Sr 2 Ir04, however, is unexpectedly an 
insulator with weak ferromagnetism lOj. At this point, it is natural to consider the spin- 
orbit (SO) coupling as a candidate responsible for the insulating nature since its energy is 
much larger than that in 3c! and 4c? systems. Recent band calculations showed that the 
electronic states near Ep can be modified considerably by the SO coupling in 5c? systems, 
and suggest a new possibility of the Mott instability [18l |. It indicates that the correlation 
effects can be important even in 5c? TMOs when combined with strong SO coupling. 

In this Letter, we show formation of new quantum state bands with effective total angular 
momentum J e g in 5c! electron systems under a large crystal field, in which the SO coupling is 
fully taken into account, and also report for the first time manifestation of a novel J e g = 1/2 
Mott ground state realized in Sr2lr04 by using ARPES, optical conductivity, and x-ray 
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absorption spectroscopy (XAS) and first-principles band calculations. This new Mott ground 
state exhibits novel electronic and magnetic behaviors; for examples, spin-orbit integrated 
narrow bands and an exotic orbital dominated local magnetic moment, suggesting a new 
class of the J e ff quantum spin driven correlated-electron phenomena. 

Single crystals of Sr 2 Ir04 were grown by flux method [l3[]. ARPES spectra were obtained 
from cleaved surfaces in situ under vacuum of lxlO~ n Torr at the beamline 7.0.1 of the Ad- 
vanced Light Source with hv = 85 eV and AE = 30 meV. The temperature was maintained 
at 100 K to avoid charging. The chemical potential /i was referred to Ep of a clean Au 
electrically connected to the samples. The electronic structure calculations were performed 
by using first-principles density-functional-theory codes with LDA and LDA + U methods 



141 ] . The optical reflectivity R(u) was measured at 100 K between 5 meV and 30 eV and the 



optical conductivity cr(uj) was obtained by using Kramers- Kronig (KK) transformation. The 
validity of KK analysis was checked by independent ellipsometry measurements between 0.6 
and 6.4 eV. The XAS spectra were obtained at 80 K under vacuum of 5xl0 -10 Torr at the 
Beamline 2 A of the Pohang Light Source with Ahv = 0.1 eV. 

Here we propose a schematic model for emergence of a novel Mott ground state by a 
large SO coupling energy (so as shown in Fig. 1. Under the Oh site symmetry the 5c? 
states are split into triplet t2 9 and doublet e g orbital states by the crystal field energy lODq. 
In general, 4d and 5d TMOs have sufficiently large lODq to yield t\ g low-spin ionic state 
for Sr2ir04, and thus the system with partially filled wide t2 g band would become a metal 
(Fig. 1(a)). An unrealistically large U 3> W could lead to a typical spin S = 1/2 Mott 
insulator (Fig. 1(b)). However, as U is expected to be even smaller than that in Ad TMOs, 
a reasonable U cannot lead to an insulating state as seen from the fact that Sr 2 Rh04 is 
a normal metal. Now let us take the SO coupling into account. The t2 9 states effectively 
correspond to the orbital angular momentum L = 1 states with ift mi= ±i = t(\zx) ±i\yz))/ \[2 
and ip mi =o = \xy). In the strong SO coupling limit, the ti g band splits into effective total 
angular momentum J e jj = 1/2 doublet and J e g =3/2 quartet bands (Fig. 1(c)). Note that 
the J e ff = 1/2 is energetically higher than the J e ff = 3/2, seemingly against the Hund's rule, 
since the J e ff = 1/2 branches out from the J5/2 (5g?5/2) manifold due to the large crystal field 
as depicted in Fig. 1(e). As a result, with four electrons filling up the J e g = 3/2 band and 
the remaining one in the J e jj = 1/2 band, the system is effectively reduced to a half-filled 
J e ff = 1/2 single band system (Fig. 1(c)). The J e g = 1/2 spin-orbit integrated states form 
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a narrow band so that relatively small U opens a Mott gap, making it a J e g = 1/2 Mott 
insulator (Fig. 1(d)). The narrow band width is due to reduced hopping elements of the 
J e ff = 1/2 states with isotropic orbital and mixed spin characters, which are differentiated 
from the atomic J = 1/2 states as discussed later in detail. The formation of the J e g bands 
due to the large (so explains why Sr 2 Ir0 4 ((so ~ 0.4 eV, estimated from the calculation) is 
insulating while Sr 2 Rh04 ((so ~ 0.15 eV) is metallic. 

The J e ff band formation is well-justified in the first principles band calculations on Sr2ir04 
based on local-density approximation (LDA) as well as LDA + U with and without including 
the SO coupling presented in Fig. 2. The LDA result (Fig. 2(a)) yields a metal with a wide 
t2 9 band as shown in Fig. la, and the Fermi surface (FS) is nearly identical to that of 



Sr 2 Rh0 4 
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171 ] . The FS, composed of one-dimensional yz and zx bands, is represented 



by hole-like a and (3x sheets and an electron-like (3m sheet centred at T, X, and M points, 
respectively [16J. As the SO coupling is included (Fig. 2(b)), the FS becomes rounded 
but retains the overall topology. Despite small variations in the FS topology, the the band 
structure changes remarkablly: Two narrow bands are split off near Ep from the rest of the 
bands due to formation of the J e jj = 1/2 and 3/2 bands as shown in Fig. 1(c). The circular 
shaped FS reflects the isotropic orbital character of the J e jj = 1/2 states. 

Such a narrow band near Ep suggests that a small U can drive the system to a Mott 
instability. Indeed, a modest U value opens up a Mott gap and splits the half- filled J e g = 1/2 
band into the upper (UHB) and lower Hubbard bands (LHB), as presented in Fig. 1(d). 
The full LDA + SO + U results shown in Fig. 2(c) manifest the J e g = 1/2 Mott state. In 
comparing the LDA + SO and LDA + SO + U results (Fig. 2(b), (c)), one can see that the 
band gap is opened up by simply shifting up the electron-like M sheet and down the hole-like 
T and X sheets, yielding a valence band maxima topology as shown in the left panel of Fig. 
2(c). It must be emphasized that without the SO coupling, LDA + U alone can not account 
for the band gap. In that case, the FS topology changes only slightly from the LDA one, as 
shown in Fig. 2(d), because W is so large that the small U can not play a major role. This 
result demonstrates that the strong SO coupling is essential to trigger the Mott transition 
in Sr 2 Ir0 4 , which reduces to a J e g = 1/2 Hubbard system. 

The electronic structure predicted by the LDA + SO + U is borne out by ARPES results 
presented in Fig. 3. The energy distribution curves (EDCs) near fi display dispersive band 
features, none of which crosses over /i as expected in an insulator. Fig. 3(b)-(d) show 
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intensity maps at binding energies of Eb = 0.2, 0.3, and 0.4 eV, highlighting the evolution 
of the electronic structure near fi. The first valence band maximum (fix) appears at the X 
points (Fig. 3(b)). As Eb increases (Fig. 3(c), (d)), another band maximum (a) appears at 
the T points. The band maxima can also be ascertained in EDCs (Fig. 3(a)). The observed 
electronic structure agrees well with the LDA + SO + U results, reproducing the correct 
valence band maxima topology (see the left panel of Fig. 2(c)). Remarkably, the topmost 
valence band, which represents the J e g = 1/2 LHB, has a very small dispersion (~ 0.5 eV) 
although the 5d states are spatially extended and strongly hybridized with the O 2p states. 

The band calculations and ARPES provide solid evidences for the J e g Mott picture. The 
unusual electronic character of the J e g = 1/2 Mott state is further confirmed in the optical 
conductivity [3] and the O Is polarization dependent XAS. The optical conductivity in Fig. 
4(a), which shows an ~ 0.1 eV insulating gap in good agreement with the observed resistivity 
with an activation energy of 70 meV [20(], displays an uncommon double-peak feature with 
a sharp peak A around 0.5 eV and a rather broad peak B around 1 eV. Considering the 
delocalized 5c? states, it is rather unusual to have such a sharp peak A whose width is much 
smaller than that of the peaks in 3d TMOs. However, this feature is a natural consequence 
of the J ej y-manifold Hubbard model as depicted in Fig. 1(d). The transitions within the 
J e ff = 1/2 manifold, from LHB to UHB, and from J e g = 3/2 to the J e g = 1/2 UHB results in 
the sharp peak A and a rather broad peak B, respectively. A direct evidence of the J e g = 1/2 
state comes from the XAS which enables one to characterize the orbital components by virtue 
of the strict selection rules 2l|. The results in Fig. 4(b) show an orbital ratio xy : yz : zx = 
1:1:1 within an estimation error (< 10 %) for the unoccupied t2 9 state. In the ionic limit, 
the J e jj = 1/2 states are | J e g = 1/2, rn Jeff = ±1/2) = (\zx, ±er) ± i\yz, ±a) =F \xy, =Fcr))/\/3, 
where a denotes the spin state. In the lattice, the inter-site hopping, the tetragonal and 
rotational lattice distortions, and residual interactions with e g manifold could contribute to 
off-diagonal mixing between the ionic J e g states. However, the mixing seems to be minimal 
and the observed isotropic orbital ratio, which is also predicted in the LDA + SO + U, 
validates the J e g = 1/2 state. 

The J e ff = 1/2 Mott state contributes to unusual magnetic behaviors. The total magnetic 
moment is dominated by the orbital moment. In the ionic limit, the spin state of the 
J e ff = 1/2 state is a mixture of o (up spin) and —a (down spin) and yields \(S Z )\ = 1/6. 
Meanwhile the orbital state yields \(L Z )\ =2/3, resulting in twice larger orbital moment 
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than the spin one, i.e. \{L Z )\ = 2\{2S Z )\. Note that the J e g = 1/2 is distinguished from the 
atomic J = 1/2 (\L — S\) with L =1 and S = 1/2 despite the formal equivalence. The J = 
1/2 has total magnetic moment {L z + 2S Z ) = ±1/3 with opposite spin and orbital direction 
(L — S), while the J e ff = 1/2 gives (L z + 2S Z ) = ±1 with parallel one. The J e g = 1/2 
(\L e jj — S\) is exactly analogous to the J = 1/2 (\L — S\) with mapping L e ff tZ — > —L z . 
This is because the J e g = 1/2 is branched off from the atomic J = 5/2 manifold (L + S) 
by the crystal field, the same reason for the violation of the Hund's rule (Fig. 1(e)). This 
aspect differentiates 5c? TMOs from 3d TMOs described by spin-only moments and also from 
rare-earth compounds with atomic-like J states. 

The LDA + SO + U predicts that the magnetic ground state has weak ferromagnetism 
resulting from canted antiferromagnetic (AFM) order with approximately 22° canting angle 
in the plane. The predicted local moment at each Ir site is 0.36 hb with 0.10 hb spin and 0.26 
fis orbital contributions. This value is only about one-third of the ionic value 1 \xb (0.33 \ib 
from the spin and 0.67 \xb from the orbital) for J e jj = 1/2 but still retains the respective ratio 
close to 1:2. This large reduction, however, seems to be natural as it is considered that the 
Ir 5c? orbitals strongly hybridize with neighboring O 2p ones and thus significant parts of the 
moments are canceled in the AFM order. Indeed, Sr 2 Ir04 shows weak ferromagnetism below 
the Curie temperature with local moment fj, e jj = 0.5/is/Ir, about one-third of \i e g = 1.73/is 
for 5 = 1/2, as determined from the magnetic susceptibility above T c [3]. It should be 
noted that the origin of the canted AFM order is different from that in the spin-based 
Mott insulators, which is attributed to the spin canting due to the Dzyaloshinskii-Moriya 
(DM) interaction 23| . the first order perturbation term of the SO coupling on the S basis 
states. But the J e $ states, in which the SO coupling is fully included, are free from the DM 
interaction. Their canted AFM order should be explained by the lattice distortion, and the 
canting angle is indeed nearly identical to that in the Ir-O-Ir bond 10]. 

The peculiar electronic and magnetic properties of Sr2ir04 can be understood as charac- 
teristics of the J e ff = 1/2 Mott insulator. In spite of the extended 5c? states with a small 
U, narrow Hubbard bands with a new quantum number J e g different from the ordinary 
atomic J emerge through the strong SO coupling under the large crystal field. This suggests 
a new class of materials, namely spin-orbit integrated narrow band system. The J e g = 1/2 
quantum "spin", which incorporates the orbital degrees of freedom, is expected to bring 
in new quantum behaviors. Indeed, recent findings show that many iridates display highly 
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unusual behaviors, for examp 
ground state in Na4lr 3 0g 



es, non-Fermi liquid behaviors in SrIrC>3 [22j and a spin liquid 
241 ] . With the relativistic SO coupling, the system is in a new 
balance of the spin, orbital, and lattice degrees of freedom. It implies that the underlying 
physics of 5d TMOs is not a simple adiabatic continuation of the 3d TMO physics to a small 
U regime and a new paradigm is required for understanding their own novel phenomena. 
"What novel phenomena emerge in the vicinity of this new Mott insulator?" remains as an 
open question. 
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FIG. 1: Schematic energy diagrams for the 5d 5 (t^) configuration (a) without SO and Hubbard 
U, (b) with an unrealistically large U but no SO, (c) with SO but no U, and (d) with both SO 
and U. Possible optical transitions A and B are indicated by arrows, (e) 5d level splittings by the 
crystal field and SO coupling. 
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FIG. 2: (Color Online) Theoretical Fermi surfaces and band dispersions in (a) LDA, (b) LDA + 
SO, (c) LDA + SO + U (2 eV), and (d) LDA + U. In (c), the left panel shows topology of valence 
band maxima (Eb = 0.2 eV) instead of the FS. See the text. 
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FIG. 3: (Color Online) (a) EDCs up to binding energy Eb = 2 eV along high symmetry lines. 
(b)-(d) ARPES intensity maps at Eb = 0.2 eV, 0.3 eV, and 0.4 eV. Brillouin zone (small square) 
is reduced from the original one due to the y/2 x y/2 distortion. 
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FIG. 4: (Color Online) (a) Optical conductivity. Peak A and B corresponds to transitions denoted 
in Fig. 1(d). (b) The O Is polarization dependent XAS spectra (dotted lines) compared with 
expected spectra (solid lines) under an assumption of xy:yz:zx = 1:1:1 ratio, xy and yz/zx denote 
transitions from in-plane oxygens while yz'/zx' from apical oxygens, and the energy difference 
corresponds to their different O Is core-hole energies [2l| . 
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